Abstract: Spatial and temporal variations in colored dissolved organic matter (CDOM) are of great importance to understanding the dynamics of the biogeochemical properties of water bodies. This study proposed a remote sensing approach for estimating CDOM concentrations (C CDOM ) based on in situ observations from the Bohai Sea (BS) and the North Yellow Sea (NYS). Cross-validation demonstrated that the accuracy of the CDOM algorithm is R 2 = 0.78, APD = 15.9%, RMSE = 0.92 (ppb). The CDOM algorithm was applied to estimate the 14-year (2003-2016) sea surface C CDOM in the BS and NYS areas using Moderate Resolution Imaging Spectroradiometer (MODIS) monthly products. The results showed a significant fluctuation in CDOM variations on a long-term scale. The highest values of CDOM were observed in the BS, the middle values were observed in the Bohai Strait, and the lowest values were observed in the NYS. Seasonal variations were observed with long-lasting high CDOM values from June to August in coastal waters, while relatively low values were observed in the NYS in the summer. In the spring and fall, a distinct increase appeared in the NYS. High CDOM values in the nearshore coastal waters were mostly related to terrestrial inputs, while CDOM in the offshore regions was mainly due to autochthonous production. Furthermore, ocean currents played an important role in the variations in CDOM in the BS and NYS areas, especially for variations in CDOM in the Bohai Strait.
Introduction
Colored dissolved organic matter (CDOM) is one of the optically active fractions in dissolved organic matter existing in natural waters [1] and participates in physical and biogeochemical processes in ocean ecosystems [2, 3] . As the photoactive portion of dissolved organic matter (DOM), CDOM can be used as a tracer of terrestrial dissolved organic carbon (DOC) in coastal environments [4, 5] . Together with the other ocean color constituents, chlorophyll and non-algal particles (NAP), CDOM plays an important role in determining the photochemical characteristics of seawater. In addition, owning to its biotic sources, CDOM is also a satisfactory indicator for monitoring the dynamics and variations of ecosystems [6, 7] . Studies on the distribution of and variations in CDOM therefore have important scientific implications for the investigation of carbon and nutrient cycling in natural water. The Bohai Sea (BS) is an inner sea of China with an area of 77 × 10 3 km 2 , an average depth of 18 m, and a maximum depth of 83 m. The North Yellow Sea (NYS) refers to the semi-enclosed sea between the Shandong, Liaodong and Korean peninsulas and has a total surface area of 8 × 10 3 km 2 , an average depth of 40 m, and a maximum depth of 86 m. The Yellow River is the major source of freshwater for the BS, while its source of saltwater mainly comes from the Yellow Sea (YS). The sources of freshwater and saltwater change the dynamics of the BS and NYS throughout the Bohai Strait. Due to the uncertainty of bio-optical algorithms in this high-suspended sediment area, it is difficult to obtain reliable ocean color components from the satellite ocean color data [36] . Over the past several decades, the Bohai Sea ecosystem has been gradually deteriorating due to eutrophication [37] . In addition, around the Bohai Strait, there are two main water masses, the Bohai Sea Central Water (BSCW) in the north and the Bohai Sea Coastal Water (BSCoW) in the south [38, 39] .
CDOM Measurement
Submersible ECO Fluorometer (Wetlabs Inc., Halifax, NS, Canada) sensors were used to measure the CDOM concentration (C CDOM ), which measures CDOM fluorescence emissions at 460 nm that are excited at 370 nm. The CDOM ECO can obtain CDOM fluorescence across a wide range of water qualities, from mangrove swamps to oligotrophic blue water. The CDOM concentration (ppb) can be calculated by using the equation: CDOM (ppb) = C CDOM = Scale Factor × (Output−Dark Counts),
where Dark Counts indicates the measured signal output in clean water, with black tape over the detector. The Scale Factor (SF) is derived by the following equation, SF = x/(Output-Dark counts), where x is the concentration of the solution used during the instrument characterization. The SF is used to calculate the instrument output concentration from the raw fluorometer signal output. Another method to characterize CDOM is to measure the absorption coefficient of CDOM (a CDOM ), which was used for comparison with the retrievals in some previous studies. Most of these studies used CDOM absorption as an indicator of CDOM content in their study areas. According to Ocean Optics Protocols Version 2.0, the CDOM samples were collected, stored, and measured [40] . A glass filter system with 0.2 µm polycarbonate filters at a low vacuum less than approximately 125 mmHg was used to obtain the CDOM water samples. The CDOM samples were stored in refrigerators at −20 • C and were measured in the laboratory within 1 month of the cruise. In the laboratory, a Perkin Elmer lambda 650 s ultraviolet-visible light spectrophotometer was used to measure the optical densities (ODs) of the CDOM samples in a 5 cm quartz cell. Milli-Q water was used as the blank, with a flat baseline ±0.0005OD. The CDOM absorption was calculated with:
where λ indicates the wavelength of the optic measurement and l indicates the path length of the quartz cell (0.05 m). OD null (λ 0 ) is the residual offset at the long wavelength (λ 0 ), and we used the average values between 695 nm and 705 nm as the residual correction [41] . Note that we only collected the CDOM sample during the cruise in January 2017, and 15 samples from the surface layer of a CDOM were obtained.
Spectral Reflectance Measurement
During September 2014, August 2015 and July 2016, remote sensing reflectance (Rrs) values were measured using a Hyper-Profiler II (Satlantic Inc., Halifax, NS, Canada). This instrument has three inter-calibrated radiometers, i.e., a deck sensor that measures the above-water surface down welling irradiance (E d (λ, 0+)) and two underwater sensors that measure the vertical profiles of down welling irradiance (E d (λ, z)) and the upwelling radiance (L u (λ, z)). The instrument covers a spectral range from 349.4 nm to 804.0 nm, with a mean bandwidth of approximately 3.3 nm. The radiometer was down-passed away from the vessel to avoid ship-induced perturbations. Before the instrument drifted away, it was rested on the surface for several minutes to decrease the environmental influence. The processes of calibration, data filtering, binning and interpolation were performed using the manufacturer-provided software Prosoft 7.7.16. To ensure the high quality of the measurements, the data with tilt angles >5 • and/or a downward velocity >0.5 m·s −1 were excluded during processing. Rrs (λ) was calculated from
where E d (λ, 0+) is the above-water surface down welling irradiance (W m −2 nm −1 ), and L w (λ) is the water-leaving radiance (W m −2 nm −1 sr −1 ) derived from the profile of L u (λ, z) at the upper layer [42] . This method was used to obtain the Rrs spectra in the datasets from September 2014, August 2015, and July 2016. Another above-water measurement method using an ASD Field spectroradiometer was used in the cruise investigation in January 2017 [43] . The spectroradiometer was used to measure the radiance spectra of the reference panel (L p ), the water (L t ) and the sky (L sky ). Each parameter was sampled more than ten times, and the samples were then averaged as true values. To avoid sun-glint contamination, a zenith angle of 40 • and an azimuth angle of 135 • were used. Rrs (λ) can be calculated as:
where L t indicates the radiance from water; L sky indicates the radiance from the sky; L p indicates the radiance collected from a reference panel; ρ p is the diffuse reflectance of the reference panel; and r is the surface Fresnel reflectance, which is a function of wind speed (2.2% for calm weather, 2.5% for <5 m/s wind, 2.6-2.8% for 10 m/s wind) [44] .
Auxiliary Description
A rosette with a Seabird CTD (conductivity-temperature-depth) provided the salinity profiles at each station. During the four cruises, we observed large variability in hydrographical conditions as well as the C CDOM from coastal to open ocean waters ( Table 1 ). The Environmental Characterization Optics (ECO) instruments can also measure Chla concentrations. We only used the ECO Chla data for discussing the patterns analyzed in Section 4.1. The satellite data were downloaded from the NASA ocean color website (https://modis.gsfc. nasa.gov/). In this study, monthly Moderate Resolution Imaging Spectroradiometer (MODIS)/Aqua products of Chla and Rrs at 412 nm, 443 nm, 488 nm and 555 nm sensor bands, with a spatial resolution of approximately 4 km, were used. Furthermore, the daily MODIS/Aqua products of Rrs were also downloaded for the algorithm validation.
We evaluated the performance of algorithms based upon the statistical metrics of the mean absolute percentage difference (APD %), and root mean square error (RMSE) [16, 45] . These statistical parameters are expressed as:
where P ret , and P is are algorithm-retrieved values and in situ measured values, respectively.
Results

Description of the In Situ Data Set
In total, 225 samples from the surface layer with C CDOM (Table 1 ) and 80 samples from the surface layer with both C CDOM and in situ Rrs (λ) were obtained ( Figure 2 ). C CDOM values covered various environments, including the BS and NYS areas, which were used for model development, and the values of C CDOM varied widely between 1.921 (ppb) to 8.985 (ppb), with an average of 4.430 (ppb) and a standard deviation of 1.935 (ppb).
The collected Rrs spectra in this study are shown in Figure 2 . The spectral reflectances were shown to be highly variable and were similar in magnitude to the typical reflectance spectra of the turbid waters [46] . Owing to the phytoplankton pigment and the CDOM absorption, the reflectance was low over 400-500 nm. In particular, in coastal regions such as the BS, the effect of particle absorption will result in a lower down reflectance at 400-500 nm. The peak reflectance at 555 nm is due to weak absorption by phytoplankton and strong scattering by sediment.
C CDOM showed good correlations with salinity, although different correlation coefficients were present in different cruises (Table 1 and Figure 3 ). In general, the C CDOM and salinity were well correlated for all the cruises (Table 1) , especially as shown by the seasonal variations. Table 1 ).
Development of the CDOM Algorithm
Considering the optical complexity of the studied water regions, this study proposed an empirical region-specific CDOM algorithm. This developed algorithm essentially utilized three band ratios to relate with the CDOM concentration (C CDOM ) based on the following assumptions: (1) reflectances at 412 nm and 443 nm were mostly affected by CDOM [47, 48] ; (2) reflectances at 488 nm were mostly affected by the phytoplankton, which are a source of CDOM; thus, adding this band into the CDOM algorithm would improve the quantification of photooxidation [9] ; and (3) variations in the reflectance near 555 nm was mostly due to suspended particles; thus, adding Rrs(555) may remove the influence of particles [49] . Thus, empirical coefficients of Equation (7) were determined by nonlinear regression with cross-validation by using the in situ data set. The coefficients were the average of all the models. (555) )+1.404 (7) To evaluate the performance and test the robustness of our algorithm for the retrieval of C CDOM , we conducted a cross-validation [50, 51] . In brief, one sample was selected from the full dataset and was used for the model validation. The remaining samples were then used to calibrate the model, and these calibrated models were adapted to derive C CDOM for the rest of the samples. This procedure was repeated until all of the samples of the full dataset were selected as the validation sample. The estimated C CDOM obtained from the above steps were independent from each other and formed a new validation dataset. Figure 4a compares the CDOM retrieved using the empirical algorithm with the measured values. As shown in Figure 4a , a strong linear relationship was found between the CDOM and ECO measured values, with an R 2 value of 0.78, an APD value of 15.9%, and an RMSE value of 0.92 (ppb). The CDOM derived using the MODIS data roughly covaried with the in situ CDOM data. However, as shown in Figure 4b , the derived values of MODIS were somewhat smaller, and the deviation of these values as lower, with an R 2 value of 0.61, an APD value of 25.3%, and an RMSE value of 1.18 (ppb). The APD and RMSE of each cross-validation were relatively stable, and most were less than 20% and 0.5 (ppb) (Figures are not shown here). Most CCDOM values ranged from two to eight parts per billion, and when the values were more than 8, the model results showed some bias. The comparisons of the band ratios between the MODIS-derived and the in situ measurements (data not shown) showed MODIS-derived band ratios at 412 nm and 555 nm bands, i.e., the Rrs(412)/Rrs(555) were underestimated, potentially due to poor atmospheric correction at the blue band. Even so, we found that the underestimation of Rrs(412)/Rrs(555) would not produce large errors for the model. To test the effects of three band ratios on the model, we added random errors with a standard deviation of 5-50% and an average value of 0 for Rrs to each band ratio. This process was repeated 1000 times. The APD in the estimations of CDOM increased, with the random errors added to each ratio of Rrs, and the increase rate gradually became larger. Note that the APD of the output errors of Rrs(412)/Rrs(555) is the lowest of the three ratios. In addition, the influence of Rrs(412)/Rrs(555) is lower than the other ratios. Therefore, the ratio of Rrs(412)/Rrs(555) added to our algorithm is reliable, and Rrs(412) is important for the CDOM algorithms. These results indicate that the CCDOM estimation method is robust (data not shown).
In addition to understanding the variations in CDOM, the development of an appropriate satellite algorithm is a key challenge for mapping CDOM using the satellite ocean color data. Here, we tested two typical algorithms for a CDOM with our in situ data set. To retrieve a CDOM (400), we tested the algorithm proposed by Carder et al. (2003) . This approach has worked well in open ocean and clean shelf waters [52] . The functional form is shown below: a CDOM (400) = .
The other empirical a CDOM (440) algorithm candidate to be tested was that proposed by Tassan et al. (1994) , which worked well in coastal waters [45, 53] . The functional form is a CDOM (440) = 10 c 1 +c 2 log 10 (R)+c 3 (log 10 (R)) 
where c 0 , c 1 , c 2 and c 3 are constant coefficients from the work of Siswanto et al. (2011) . The algorithm was used by GOCI. For our in situ data set, the a CDOM (400) and a CDOM (440) values from the two algorithms showed a large underestimation of a CDOM ( Figure 5 ). These classic algorithms did not obtain good results in the BS and NYS. However, our algorithm performed better than these two algorithms (Figure 4 ). The underestimation of these algorithms may be caused by regional differences in the optical properties of seawater in the Bohai Sea, which may contain materials that do not co-vary with CDOM, such as chlorophyll pigment and detritus [10, 54] . It is worth noting that the data set of a CDOM was not abundant, but we have an abundant C CDOM data set. Therefore, we developed an empirical algorithm, which was practical for mapping an entire satellite image with a wide CDOM distribution. Our results suggest that our algorithm is suitable to obtain C CDOM from the ratios of Rrs(412)/Rrs(555), Rrs(443)/Rrs(555) and Rrs(488)/Rrs(555) with good accuracy. We applied our algorithm to the monthly MODIS/Aqua products of Rrs acquired from 2003 to 2016.
CDOM Inter-Annual Variability
As shown in Figure 6 , there are distinct spatial and annual variations in C CDOM in the BS and NYS during the period of 2003-2016. High levels of C CDOM were distributed along the coast of the BS, and a tongue-shaped low-CDOM pattern extended westward to the Bohai Strait. From 2003 to 2011, the C CDOM significantly increased and then was stable after 2011. In 2011, the C CDOM showed high distributions in the BS and along the North Korean coast, and a high distribution appeared in the center of the BS. The C CDOM in some areas of the BS (A, B, C and D) were usually higher than those in other areas (E and F). From 2003 to 2016, the annual average C CDOM was the highest in the A, C, and D areas (three bays of BS), was relatively low in areas B and E and was the lowest in the F area ( Figure 7 ). This distribution pattern can be divided into three types (Figures 6 and 7a): (1) three bays (A, C and D) , where the C CDOM values were relatively high and had minor variations; (2) the center of the Bohai Sea (B) and the Bohai Strait (E), where the C CDOM values were lower than those for A, C and D and where the variations were relatively distinct from one another; and (3) the center of the North Yellow Sea (F), where the C CDOM values were the lowest among the six areas and where the variation was the most significant. 
CDOM Intra-Annual Variability
Monthly averaged C CDOM values were produced for 14 years. High distributions were seen along the coasts and in the center of the NYS (Figure 8 ). The C CDOM in the center of the NYS showed the highest distribution, from March to May, lower values during October to December, and the lowest values from July to September. The C CDOM values in coastal regions were high during the entire year and were highest in the summer, low in the spring and fall and were the lowest in the winter. The obtained results indicated that the C CDOM values in the six areas of the study area exhibited different variation trends (Figure 7b ). Similar to the C CDOM values in Section 3.3, this variation can be divided into three types (Figures 7b and 8 ): (1) in the three bays (A, C and D), the C CDOM values were relatively high in the summer (June-August) and low in the spring and fall; (2) in the center of the BS (B) and the Bohai Strait (E), the C CDOM values were the highest in summer, low in the spring and fall and the lowest in the winter; and (3) in the central NYS (F), the C CDOM values were the highest in the spring and fall, lower in the winter, and lowest in the summer. Along the 38.5 • N latitude line (S1) (118.5-124 • E), which covers the central BS to the east of the Bohai Strait, the C CDOM values were generally high in the west and decreased gradually to the east, with distinct seasonal variations ( Figure 9 ). From March to May, high CDOM values extended to the central NYS. From September to December, the same trend could be observed. Similar to S1, along the 38 • N latitude line (S2) (118-124 • E), which covers the area from near the Yellow River bank to the east of the Bohai Strait, the 14-year average of monthly CDOM was high from fall to early spring and was low in summer. Over the entire year, a similar tendency was also observed, but the scale extent was low. As shown in Figure 9 , along the 38.5 • N and 38 • N latitude lines, monthly CDOM varied from January to December. 
Discussion
Explanation of CDOM Patterns Using In Situ Data Sets
C CDOM showed good correlation with salinity, although different correlation coefficients were present in different cruises (Table 1 and Figure 3) . As shown in Figure 10 , salinity was low in the near-shore regions (near the mouth of the Yellow River), while the corresponding C CDOM and Chla concentrations were relatively high in this location. In contrast, in off-shore regions, the salinity was relatively high, while the C CDOM and Chla concentrations were low. Strong linear relationships between salinity and CDOM have been found in previous studies [9, 21, 25, 55] . These relationships are likely to be influenced by river discharge, especially near estuaries. There are two sources of CDOM in waters, terrestrial CDOM and autochthonous CDOM. The former's source is river discharge, while the latter is released as in situ products related to different oceanic phenomena, such as the photosynthetic processes of phytoplankton [56] . Several main rivers, including the Yellow, Haihe, Luanhe and Liaohe rivers, discharge into the BS [57] . Therefore, the obtained strong correlation between salinity and CDOM in the coastal regions of our study area were regarded as being due to terrestrial CDOM discharge [19, 20, 22] .
In contrast to the pattern in the BS and NYS areas, the salinity was low near the mouth of the Yellow River and was closely related to river discharge. Because freshwater discharge from inland rivers carries abundant nutrients, the trophic level in coastal waters increases significantly [58, 59] . Thus, increased nutrients may support higher Chla values in coastal waters. In addition to the physical process, there are also chemical and biological processes that influence CDOM distribution [22, 60] , such as phytoplankton degradation [56] and photochemical bleaching [61] .
Generally, C CDOM values were high in nearshore waters due to physical and chemical processes, and C CDOM values were lower in the open sea. As shown in Figure 10 , more river discharge appeared in nearshore waters, along with high CDOM and Chla values. Higher amounts of river discharge tend to carry more terrestrial CDOM and to export more nutrients into nearshore waters. Thus, high CDOM concentrations along coastal regions were jointly affected by both terrestrial CDOM and autochthonous CDOM. In contrast to the patterns along nearshore waters, there was less river discharge in offshore waters and, thus, low terrestrial CDOM and nutrient content. Correspondingly, this led to low CDOM concentrations in offshore waters.
Explanation of CDOM Patterns Using Satellite-and Model-Derived Data
High CDOM values and correspondingly high Chla values were found in coastal water areas with relatively low salinity. In contrast, low values of CDOM and Chla were found offshore ( Figure 10 ). The satellite-derived CDOM patterns showed agreement with the in situ observed results (Figures 10 and 11 ). This behavior is probably due to the combined progress of terrestrial CDOM and the degradation of phytoplankton (autochthons CDOM) (see Section 4.1).
Previous studies indicated that phytoplankton blooms could increase CDOM under bloom conditions [62] . Phytoplankton blooms are found regularly during the spring and fall, when the river carries high amounts of terrestrial nutrients and has suitable light and temperature conditions [63, 64] . During our study, we observed bloom events during the spring and fall in the east of the Bohai Strait and the central NYS ( Figure 11 ) [65] . Monthly CDOM and Chla values decreased from the BS to NYS (Figure 9 ). In areas E and F, the CDOM and Chla values showed a similar variation tendency but had different seasonal variations. Correlations between Chla and CDOM were positive in these areas ( Figure 12E,F) . In areas A, B, C and D, Chla and CDOM exhibited a different variation tendency. Areas E and F are located far from rivers, as discussed above, and areas E and F are mostly influenced by phytoplankton; autochthons CDOM dominated in these areas. In contrast to central NYS, CDOM and Chla in areas A, B, C and D showed different variation tendencies (Figure 12 ). The fluctuations in CDOM were lower than in areas A and B, as there was a stable source of terrestrial CDOM. However, Chla had a distinct increase tendency during the spring and fall. The source of CDOM, such as autochthons CDOM additions, can alter C CDOM values in offshore areas. In offshore waters, the seasonal and spatial differences were remarkable. During the wet season, when the total runoff increased, C CDOM values in near-shore waters were high, mostly due to the abrupt increase in terrestrial CDOM, while C CDOM values in offshore waters were low. When one considers the period of phytoplankton blooms (spring and fall), the increase in C CDOM was clearly observed in the central NYS, a finding regarded as reasonable due to the variation in autochthons CDOM.
Influence of Ocean Currents on CDOM Distribution
Apart from the abovementioned influencing factors, ocean currents are also an important driving factor in changing the CDOM distribution [25] . According to previous studies, two main ocean currents exist in the investigated water regions, namely, the Bohai Sea Central Water (BSCW) and the Bohai Sea Coastal Water (BSCoW) [38, 57, 68] . As shown in Figure 13 , the BSCoW moves from the west to the east along the southern coastline of the BS, while the BSCW flows into the BS at the north of the Bohai Strait (except for in winter due to a close cyclonic gyre [68] ). The BSCW develops from the Yellow Sea Warm Water and has more saline and poor nutrient levels compared to the BSCoW [39] . Previous studies have found that aquatic biology and hydrodynamic conditions are the main factors related to the spatial and seasonal variations in CDOM [22, 24, 25] . For example, near the estuary, such as the mouth of the Changjiang River, freshwater discharge from the Changjiang was the dominant factor, which affected the concentration and the spatial and seasonal variations in CDOM [54, 55] . Some studies also found complex effects from several water masses in some regions [24, 25, 60] . Different nutrient conditions carried by ocean currents influenced phytoplankton growth and further changed the CDOM content in waters. For instance, oligotrophic conditions would restrict phytoplankton growth and decrease CDOM content [62, 69] . If we assume that the BSCW and BSCoW influence the variations in CDOM, then CDOM would be expected to be high along the BSCoW and low along the BSCW.
Along the latitude lines in this study (S1 and S2, see Figure 7 ), both C CDOM and Chla generally decreased from the west to the east (Figures 9 and 11 ), and they both showed distinct seasonal variations. The 14-year average of the monthly C CDOM was high from the fall to the early spring, and Chla was high during the spring and fall (Figures 9 and 11) . A strong northerly monsoon wind from late November to March influences the study area [39, 57] , which can increase water column mixing. Nutrients are later carried to the surface, which can support spring phytoplankton blooms in the following year [70] . In addition, the low temperature and instability of the water column make it difficult to support optimal growth conditions for phytoplankton during winter [8] .
During the spring (March to May), high C CDOM extended to central NYS, and Chla exhibited a similar tendency, which indicates that increased C CDOM existed in central NYS, mostly due to the photochemical processes [3] related to water mass transport. During the fall (September to November), a similar tendency was observed, but its extent and scale were smaller. During the winter, high C CDOM extended into the NYS through the Bohai Strait, but Chla did not show a similar tendency. This behavior indicated that increased C CDOM existed in the NYS mostly due to water mass transport. During summer, this phenomenon did not occur.
Overall, the influence of water masses on CDOM is another important factor impacting the variations in CDOM from the east of the BS to the central NYS. A strong relationship was observed between multiyear mean distributions of CDOM and the current field ( Figure 13) , with high C CDOM found in the BSCoW areas and low C CDOM found in the BSCW areas, although C CDOM varied seasonally. This result is attributable to the fact that the BSCoW not only transports nutrition but also carries a certain amount of CDOM flow into the central NYS. According to the relationship between Chla and CDOM discussed in Figures 11 and 12 , we can conclude that the distributions of the multiyear mean CDOM from the west to the east are mainly attributable to currents. Therefore, different water masses with different paths and properties further complicate the variations in CDOM. This complication increases the difficulty of identifying autochthonous CDOM and terrestrial CDOM. Further studies need to provide deeper insight into these CDOM variations.
Suggestions for Future Work
The findings of this study document long-term CDOM dynamics in the BS and NYS and provide insights into pathways for future improvements. The exposure of CDOM in seawater to solar radiation at all latitudes produces inorganic carbon-based gases, such as carbon dioxide (CO2) and carbon monoxide (CO), which are involved in the variation of dissolved inorganic carbon (DIC) [71, 72] . Moreover, CDOM is also the fraction of DOC in seawater, and DOC concentrations are highly correlated with CDOM [73] . In addition to the mechanisms controlling CDOM properties, tracing these variations temporally and geographically is important to better understand the carbon cycle [74] .
In contrast, salinity is a direct indicator of a freshwater plume; CDOM, like salinity, is also a soluble matter with distinct values in river and marine end-members [19] . In many river estuaries and plume systems, CDOM shows good negative correlations with salinity [21, 24, 54, 55] . Therefore, in recent years, CDOM derived from the satellite ocean color data has been used to estimate salinities in coastal waters [10, 19, 20] . A simple negative linear relationship between CDOM and salinity was also observed in the current study. However, the relationships between CDOM and salinity have distinct local variable features among different freshwater and marine ecosystems and are influenced by regional hydrodynamic and biogeochemical processes [25] . Therefore, it is generally practical to apply a locally stable salinity-CDOM relationship to water areas of interest using sufficient regional field measurements, which then serve for documenting long-term salinity changes.
In short, the findings of this study demonstrate that the long-term monitoring of CDOM dynamics has important marine biogeochemical and environmental implications. This study will provide a potentially efficient indicator of marine ecosystem variations and will serve as a tool for managing and protecting marine environments in response to future climate change.
Conclusions
This study developed a regional empirical remote sensing approach to estimate C CDOM in the BS and NYS areas. The designed algorithm uses the ratios of Rrs (412) were observed in coastal waters, and these values gradually decreased when moving from the BS to NYS. During the summer, C CDOM was relatively high in nearshore waters due to a large amount of terrestrial CDOM discharge. During the spring and fall, the C CDOM values were higher in central NYS, mostly due to phytoplankton blooms.
During the winter, C CDOM was relatively high in the three bays of the BS. In the nearshore waters, the CDOM was mainly affected by terrestrial CDOM from river discharge, while the photochemical process dominated and changed C CDOM in offshore waters. Furthermore, the annual mean distribution patterns of CDOM shown in the BS and NYS areas were mainly attributable to ocean currents. Overall, the findings demonstrated here have significant implications for the long-term variation in aquatic environments.
Author Contributions: Cong Xiao designed this study and the algorithm and drafted the manuscript. Deyong Sun contributed to the data analyses and drafted the manuscript. Shengqiang Wang and Zhongfeng Qiu assisted with development of the research design and results interpretation. Yu Huan and Jiabao Zhang contributed to the interpretation of results and manuscript revision.
